Introduction
Embryonic stem cells (ESCs) are pluripotent cells derived from the inner cell mass of preimplantation blastocysts, and by definition they are the cells that can self-renew indefinitely and differentiate into diverse cell types found in three embryonic germ layers (Thomson et al., 1998) . In addition to allowing investigation of early events of embryonic development, the remarkable attributes of ESCs raise the possibility of using them as potential source of raw material for cell-based therapies (Mantel et al., 2007; Yu and Thomson, 2008) . Molecular mechanisms of self-renewal and differentiation have been intensively studied during last two decades, and significant progresses have been achieved with regards to several core issues. Transcriptional regulation is one area in which key findings have been made culminating in generation of induced pluripotent stem cells (iPS) . Still, it goes without saying that much remains unknown about the proliferation and differentiation essential nature of 'stemness' at the molecular level. Recent years have witnessed the establishment of microRNAs (miRNAs) as important regulators of development, homeostasis and metabolism of plants and animals (Bartel, 2004) . These noncoding small RNAs have been discovered in virtually all eukaryotic organisms, from the brown algae (Cock et al., 2010) to the human, and their list is growing rapidly, in excess of 5000 having been identified so far. Over 1,000 miRNAs have been experimentally validated in mammals, and evolutionary conservation seen amongst miRNAs and across species strongly indicates functional and mechanistic significance of these small molecules (Bentwich et al., 2005) . The best known post-transcriptional role of miRNAs is inhibition of translation which occurs via annealing to their target sequence in 3'UTR often accompanied by degradation of target mRNAs. It has been proposed that up to 60% of human genes are regulated by miRNAs which implies that each miRNA can target several different mRNAs as confirmed by both computational and experimental studies (Friedman et al., 2009 ). The expression pattern of the miRNAs frequently shows a consistent and significant correlation with the phenotypic transitions of the cells, such as proliferation, differentiation and apoptosis. Accordingly, several recent studies have demonstrated critical involvement of miRNAs in early developmental processes such as neurogenesis (Makeyev et al., 2007) , myogenesis (Rao et al., 2006) , cardiogenesis (Zaho et al., 2005) and hematopoiesis (Chen et al., 2004) . Mammalian cells thus appear to produce miRNAs in a cell-type-specific manner to regulate unique subsets of genes specifically expressed in the host cells.
Of importance is that the cell-type specificity rule of miRNA expression and function applies to ESCs as well. Several recent studies reported expression of unique clusters of miRNAs in ESCs. These include miRNAs of human and mouse miR-302 clusters, mouse miR-290 cluster and human miR-371 cluster (Houbaviy et al., 2003; Suh et al., 2004; Landgraf et al., 2008) . Based on the ESC-specific expression of these miRNAs, it was hypothesized that some of the miRNAs from these clusters may function as determinants or regulators of 'stemness', a word embodying the salient characteristics of ESCs: self-renewal and pluripotency (Blakaj and Lin, 2008; Kim et al., 2009) . As the latest reports on regulation and function indicate that the hypothesis is likely to be more than mere speculation (Marson et al., 2008; Lin et al., 2008; Lee et al., 2008; Card et al., 2008; Barroso-Deljesus et al., 2008; , it has been inevitably envisioned that miRNAs may be useful tools for controlling the proliferation and the differentiation of ESCs. In addition, other lines of investigation showed that ES-like stem cells including iPS and multipotent spermatogonial stem cells (mSSCs) as well as embryonal carcinoma cells (ECCs) share to a varying extent the expression profile of miRNAs. This in turn seems to suggest that expression profiling of miRNAs can be a way of 'measuring' the 'stemness' of a given type of cells. In this chapter, we will introduce the recent discovery of miRNAs in ESC and ES-like stem cells, describe molecular and functional characterization of identified miRNAs and provide perspectives on issues and the research agenda of this flourishing field.
Identification of the ESC specific miRNAs
Houbaviy and coworkers reported in 2003 the isolation of 15 novel miRNAs from a mouse ESC cDNA library which included members of miR-290 cluster and predicted the existence of human homologues (Houbaviy et al., 2003) . Using a similar approach, Suh et al. (2004) reported the cloning of 17 novel miRNAs belonging to miR-302 and miR-371 clusters from human ESCs. Remarkably, the miRNAs identified from the three clusters showed varying degrees of conservation between the two species which immediately led to a speculation about significant and specific functions in ESCs. In addition, murine miR-367 was isolated through a computational approach by Sewer et al. (2005), and Mineno et al. (2006) identified mouse miR302b, miR-302d and miR-367 using a massive parallel signature sequencing technique. More recently, Landgraf et al. (2008) cloned and validated additional novel miRNAs from human and mouse ESCs (human miR-302d* and miR-367*; mouse miR-302b*, miR-302b, miR-302c*, miR-302c, miR-302a* and miR-302d; * denotes the minor miRNA species in case two excised miRNAs are generated, one from each arm) by a large-scale cloning. Altogether, the miRNA registry (miRBase 15; http://www.mirbase.org/) currently lists 10 miRNAs in the human miR-302 cluster and 8 miRNAs in the mouse miR-302 cluster (Table 1) . ESC-specific expression of some of these miRNAs (miR-371, miR-372, miR-373 and miR-373*) has been confirmed by Northern blotting (Suh et al. 2004 ). Subsequently, Landgraf et al. (2008) reported identification of another member of the miR-371 cluster, miR-371-5p and corrected the sequence of miR-371 yielding miR-371-3p (Table 2) . Currently, there are five miRNAs in the miR-371 cluster. Of the 15 novel miRNAs reported by Houbaviy et al. (2003) , 8 miRNAs belong to the miR-290 cluster (miR-290, miR-291-s, miR-291-as, miR-292-s, miR-292-as, miR-293, miR-294 and miR-295) . Later, Sewer et al. (2005) isolated two additional miRNAs (miR-291b-5p and miR291b-3p) in the same cluster, through a bioinformatics analysis. More recently, 4 more miRNAs (miR-290-3p, miR-293*, miR-294*, and miR-295*) have been added to the miR-290 cluster by direct cloning from mouse ESCs and ECCs (F19) (Landgraf et al., 2008) . Currently, miRNA registry (miRBase 15) lists 14 miRNAs in the mouse miR-290 cluster (Table 3) . 3. Molecular characterization of the ESC specific miRNAs 3.1 miR-302 cluster members Since the discovery in mouse and human, the existence of a conserved miR-302 cluster has been proposed in multiple species. For Gallus gallus (International Chicken Genome Sequencing Consortium, 2004) , Monodelphis domestica (Devor & Samollow, 2008) , Macaca mulatta (Yue et al., 2008) (Zhou et al., 2009) , and Ornithorhynchus anatinus (Murchison et al., 2008) , the miR-302 cluster has been identified by genomic sequence analysis, whereas in Xenopus tropicalis, the expression in early blastula has been experimentally validated (Watanabe et al., 2005) . Most of the detailed studies have been carried out with the members of human and mouse miR-302 clusters which show remarkably high degree of conservation. The precursor forms of orthologous miRNAs show the homology rates from 85% to 93%, while except for miR302c and miR-367 all orthologous pairs show a perfect match in the mature form. Individual miRNAs also show strong homology to one another, consistent with the common origin, with the membership of miR-367 being somewhat controversial (Kim et al., 2009 ). According to miRBase 15, miR-367 belongs to a separate family, even though it is generated from the same polycistronic primary transcript as the rest of miRNAs of miR-302 cluster (Suh et al., 2004) . Based on the weak homology, it is proposed that miR-302 family members and miR-367 target different sets of mRNAs and consequently perform different functions. Human miR-302 cluster locus is located within a 700-bp region on chromosome 4, and the corresponding mouse cluster is found within a region of about 600 bp on chromosome 3. Interestingly, both human and mouse miR-302 loci are found within intron 8 of the La ribonucleoprotein domain family, member 7 (LARP7) gene, which is known to act through the 7SK ribonucleoprotein system to negatively regulate polymerase II-mediated transcription (Markert et al., 2008) . It is not currently determined whether miRNAs of miR-302 cluster and LARP7 have regulatory interaction or functional coordination.
3.2 miR-290 and miR-371 cluster members miRNAs of mouse miR-290 cluster appear to be expressed in ESC-specific manner, conserved across mammalian species and clustered within 2.2 kb of one another. Similarity of sequence to members of the mouse miR-290 cluster led to the prediction of the existence of miRNAs of human miR-371 cluster which was demonstrated experimentally. Human miR-371 cluster is located in an intergenic region, spanning approximately 1050 bp, on chromosome 19. The miR-371 cluster has also been identified in Macaca mulatta (Yue et al., 2008) , Pan troglodytes (Baev et al., 2009 ), Bos Taurus (Artzi et al., 2008 , Canis familiaris (Artzi et al., 2008) , Pongo pygmaeus (Brameier, 2010) , and Equus caballus (Zhou et al., 2009 ) by genomic sequence analysis while the homologous miR-290 cluster has been identified in Rattus norvegicus (Linsen et al., 2010) . Although miRNAs belonging to miR-371 cluster and miR-290 cluster are all classified as miR-290 family members at miRBase, homology rates among precursors and mature forms are relatively low compared to intra-and inter-species homology seen in miR-302 cluster members (Kim et al., 2009) . Nevertheless, based on that seed region are much better conserved, it was hypothesized that at least some regulatory targets are shared. This awaits further examination as functional analyses miR-371 and miR-290 clusters reported thus far do not fully support this notion
Expression of miRNAs in ES-like pluripotent stem cells
An important insight into the significance of ESC-specific expression of the miRNAs in fact came from their expression in other pluripotent cell types. Specifically, expression of the miR-302 cluster has been found in ECCs derived from testicular and ovarian teratocarcinoma tissues (PA1) (Zeuthen et al., 1980) , leading to the generalization that the miR-302 cluster is specific for cells capable of forming embryoid bodies (EBs) and differentiating into diverse cell types. Somatic cells have been successfully reprogrammed by fusion with ES cells, and it has thus been suggested that some factors in ES cells are capable of reprogramming somatic cells into pluripotent stem cells (Cowan et al., 2005; Yu et al., 2006) . This was dramatically demonstrated by Takahashi and Yamanaka in 2006 when they identified Oct-3/4, Sox2, cMyc, and Klf4 as the pluripotency-inducing factors by introducing these genes into mouse embryonic or adult fibroblasts and generating iPS. Studies on miRNA expression pattern in various iPS and multipotent spermatogonial stem cells (mSSCs) are beginning to be reported. For example, Chin et al. (2009) examined if miRNAs are expressed in human iPS at the level and in a pattern as in hESCs. Expression profiling of all known miRNAs was performed on hESCs, iPS, and the fibroblasts from which iPS had been derived. Hierarchical clustering with the 105 miRNAs expressed showed that there is little difference in miRNA expression pattern between the pluripotent cells, i.e. iPS and hESCs. Conversely, all of the pluripotent cell lines had vastly different miRNA expression profiles from those of fibroblasts. These observations are overall highly suggestive of that a strong correlation exists between essential features of stem cells and the miRNA expression profiles. Still, the situation is likely to be much more complex. Specifically, it was noticed that a few miRNAs were consistently expressed differently between iPS and hESCs. This finding was also confirmed by another group using a different set of hESCs and iPS (Wilson et al., 2009 ), indicating that a distinct miRNA pattern is essentially reproducible among different reprogrammed cells and that iPS have a miRNA signature that distinguishes them from hESCs. Study by Wilson et al. (2009) in particular highlights the differences between the two pluripotent cell types with respect to the expression of the miR-371/372/373 cluster. ' Stadler et al. (2010) analyzed changes in the expression of miRNAs and mRNAs in nine different hESC lines during early commitment and also examined the expression of key ESC-enriched miRNAs in early developmental stages in several species. They demonstrated that several previously defined hESC-specific miRNA group members (belonging to the miR-302, -17, and -515 families and the miR-371-373 cluster) and several other hESCenriched miRNAs are down-regulated rapidly in response to differentiation. They further found that mRNAs upregulated upon differentiation are enriched in terms of harboring potential target sites for the down-regulated miRNAs. Interestingly, they also observed that the expression of ESC-enriched miRNAs bearing common seed sequences was modulated in a discordant manner while the cells transitioned through early embryonic states. In human and monkey ESCs, as well as human iPS, the miR-371-373 cluster was consistently upregulated while the miR-302 family was mildly downregulated when the cells were chemically treated to regress to an earlier developmental state. Similarly, miR-302b, but not miR-295, was expressed at higher levels in murine epiblast stem cells (mEpiSC) as compared to mouse ESCs which represents an earlier developmental state. These data for the first time raise the possibility that miRNAs bearing identical seed sequences could have distinct functions from one another and during sub-stages of early embryonic development. Perhaps more importantly, these results suggest that the relative expression levels of related miRNAs may serve as indicators for defining the developmental state of ESCs and other stem cell lines, such as iPS. Another series of reprogramming experiments are also worthy of close attention. The conversion of spermatogonial stem cells (SSCs) from neonatal hybrid (Kanatsu-Shinohara et al., 2004) , neonatal inbred , adult inbred (Oh et al., 2009) , and adult transgenic mice (Guan et al., 2006; Izadyar et al., 2008; Seandel et al., 2007) into ES-like cells (multipotent spermatogonial stem cells, mSSCs) has been reported. Interestingly, SSCs and mSSCs exhibit significant differences in gene expression and epigenetic properties even in the cases of identical genetic origin (Kanatsu-Shinohara et al., 2008) . In particular, mSSCs have lost the expression of germ stem cell-specific genes and showed enhanced expression of pluripotent stem cell-specific genes. Importantly, Zovoislis et al. (2010) reported that miRNAs of miR-290 and 302 clusters are expressed in mSSCs and that the 290-miRNA family is functionally connected with Oct-4 in maintenance of the pluripotent state. It should be noted however that detection of miR-302 family members likely results from the presence of a proportion of spontaneously differentiating cells as members of the 302-miRNA family have been shown to be induced during first stages of in vitro differentiation in all pluripotent cell types tested. In sum, in addition to histone modification, promoter methylation, and transcription factor expression, cell type specific expression and dynamic modulation of miRNAs reflect a layer of regulatory control in ESCs and at the same time represent signature of 'stemness'.
miRNA expression profile as an indicator of 'stemness

Transcriptional regulation of expression by ESC-specific transcription factors
ESC-specific expression of the miRNAs of miR-302, miR-290, and miR-371 clusters has gained an added significance from a series of recent studies (Marson et al., 2008; Card et al., 2008; Barroso-Deljesus et al., 2008) . Strikingly, transcription factors that have been shown to be critical determinants of 'stemness' of ESC were also demonstrated to be involved in the regulation of these miRNA cluster. Specifically, in the study by Marson et al. (2008) , potential binding sites for Nanog, Oct3/4, Sox2 and Tcf3 have been shown to be present in the 5' region of the miR-302 clusters. Furthermore, down-regulation of Oct3/4 led to reduced expression of the miRNAs of this cluster. Card et al. (2008) also showed that Oct3/4, Sox2 and Nanog bind to the chromosomal region 5' to the miR-302 cluster and that Oct3/4 is required for the expression of the miR-302 transcript. Rex1, another ESC-specific transcription factor, was also predicted to bind to the same region (Barroso-Deljesus et al., 2008) . Similar transcriptional regulation seems to be in operation for miR-290 and miR-371 clusters. Marson et al. (2008) showed that the two clusters have potential binding sites for Oct4, Sox2, Nanog and Tcf3 and that inhibition of Oct3/4 leads to down-regulation of miR-290 expression. Together, these studies strongly suggest that miRNAs expressed specifically in ESCs are in fact integral elements of the regulatory network, on one hand controlled by the ESC-specific transcriptional program and on the other likely controlling characteristics of ESC at the molecular level.
Role of the ESC-specific miRNAs
Studying the function of miRNAs in ESC
The current understanding of the molecular function of ESC-specific miRNAs is, simply but, limited. This in part stems from the technical demand in handling ESCs, especially those of human origin. Ectopically expressing cDNAs, siRNAs, or miRNAs in human ESCs is difficult as these cells typically grow as aggregates. Delivery of foreign DNA or RNA can be much more easily achieved with mouse ESCs which are initially seeded as individual cells that can be grown into clones. How miRNAs determine or affect the self-renewal and pluripotency, the essential characteristics of stem cells, can be tested using mouse ESCs, and much can be inferred about the function of orthologous human miRNAs. It goes without saying that species difference must be kept in mind even in the case of unambiguous orthologues. There are additional difficulties even with mouse ESCs. For example miRNAs originating from the same cluster likely have overlapping target mRNAs which would make determining the function of individual miRNAs difficult. At any rate, an efficient delivery system and inducible vector constructs for small RNA molecules would be clearly useful. Recently developed advanced tools such as miRNA-or small interfering RNA (siRNA)-expressing lentiviral or retroviral systems with pseudotyping feature for a broad host cell range should be valuable tools (Chang et al., 2006) . Additional features such as inducibility and cell type specificity can be incorporated in principle assisting precise functional analysis of miRNAs in murine and human ESCs (Chang et al., 2006) . Identification of potential targets initially with bioinformatics approach and subsequently with 'wet-lab' validation also represents an important part of functional analyses. There are challenges here as well. Target prediction algorithms must be continually refined based on results of validation experiments, but exhaustive and systematic efforts are rather limited. Also, these prediction programs should ideally be linked with various gene-expression pattern databases, but again at this point a user-friendly in silico analysis program with such features does not exist.
Function of miR-302 cluster members
Functional conservation of the miR-302 cluster in ESCs of various species can be readily hypothesized based on the high degree of homology, conservation of genomic loci and cell type specific expression, as well as the regulation by ESC-specific transcription factors. In spite of the aforementioned difficulties, direct functional tests in ESC of miR-302 cluster are beginning to be reported. One notable study by Card et al., (2008) showed that ectopic expression of individual miR-302 members in both primary and transformed cell lines leads to increase in the proportion of cells in the S phase and decrease in the proportion of cells in the G1 phase. Consistently, bare expression led to the opposite phenotype. Cyclin D1, a G1 regulator, was predicted as a target of multiple members of miR-302 cluster, and miR-302 miRNA expression indeed led to inhibition of Cyclin D1 translation. These data indicate that one of the primary functions of miR-302 in ESC is cell cycle regulation. Subsequently, found that miR-302b indirectly regulates Oct4 and directly targets Cyclin D2, developmental regulators during gastrulation. Such observation suggests that at least miR302b participates in maintaining the pluripotency of ECCs and likely of ESCs. A noteworthy study on the function and potential application of miR-302 has been reported by Lin et al. in 2008 . They showed that expression of miR-302 induced reprogramming of human skin cancer cells into ESC-like cells (Lin et al., 2008) . These miRNA-induced pluripotent stem cells shared 86% of their expressed genes with ESCs including the hallmark ESC marker genes such as Oct3/4, Sox2, SSEA-2 and SSEA-4. Furthermore, the miRNA-induced pluripotent cells were able to differentiate into multiple types of cells including neurons, chondrocytes, fibroblasts and spermatogonial cells in vitro. More recently, Scheel et al. ran a functional screen using a large miRNA expression library and reported identification of the miR-302 cluster as a potent suppressor of p63 accumulation in various cell types. It was shown that miR-302 miRNAs reduce mRNA and proteins levels of p63 through two target sites within the 3' UTR. The role of miR-302 members was also confirmed in testicular cancer cells in which the endogenous miR-302 contributes to the suppression of p63. It was also proposed that miRNAs of the miR-302 cluster also contribute to the elimination of p63 mRNA in mature oocytes. Thus, miR-302 appears to be a part of the stringent regulatory mechanism for p63 in germ cells, reminiscent of the tight control for p53 levels in somatic cells.
Function of miR-290 and miR-371 clusters
The function of miRNAs of the miR-290 cluster has been studied in diverse contexts. First, a definitive loss-of-function analysis was carried out with gene-targeted mouse. Homozygous loss of miR-290-295 locus, which resulted in frequent embryonic lethality, led to infertility among female survivors. Notably they lacked germ cells, indicating that at least some of the members may be responsible for the maintenance of pluripotency (Giraldez et al., 2006; Marson et al., 2008) . Benetti et al. (2008) showed that miRNAs of the miR-290 cluster silence Rbl2 which functions as a transcriptional repressor of the Dnmt3a and Dnmt3b enzymes and that these enzymes as well as miRNAs are down-regulated in Dicer1 -/-cells. In an independent study, Sinkkonen et al., (2008) demonstrated that de novo DNA methylation is defective in Dicer1-deficient ESCs consistent with indirect control of the expression of DNA methyltransferases by the miRNAs of miR-290 cluster. The mechanistic link between members of miR-290 cluster and de novo DNA methylation in ESCs indicates that these miRNAs are involved in the epigenetic control of gene expression. In addition, Hayashi et al., (2008) reported the requirement of miRNA biogenesis in primordial germ cell development and early spermatogenesis. miR-290 cluster members were among the most highly expressed in male germline cells suggesting a potential role in this particular developmental program. reported that members of the miR-290 family rescue cellular proliferation defect seen in Dgcr8-/-ESCs. Apparently, these miRNAs function by suppressing several key regulators of the G1/S transition which leads to release of cells from the arrest in G1 phase. Finally, Judson et al. (2009) demonstrated that introduction of miR-291-3p, miR-294 and miR-295 into fibroblasts enhances the production of mouse iPS cells by Oct4, Sox2 and Klf4. Several recent reports describe the function of the miRNAs of miR-371 cluster. Most notably, Voorhoeve et al., (2006) demonstrated that miR-372/373 miRNAs promote cellular transformation in cooperation with oncogenes. It was also shown that the expression of the miR-372/373 cluster was seen in subsets of ECC lines such as Tera1, 2102Ep and 833KE but not in NT2 and NCCIT lines. Voorhoeve et al. noted a correlation between the expression of the miR-372/373 cluster and p53 status in these ECC lines. Specifically, whereas all three expresser cell lines contain high levels of wt-p53, NT2 expresses wt-p53 at a low-level and NCCIT has only single mutated allele and no wild type allele. Based on these findings, they proposed that miRNAs of the miR-372/373 cluster contribute to tumorigenesis from cells that retain wt-p53. Interestingly, Duale et al. (2007) showed that cisplatin represses the oncogenic properties of the miR-372/373 cluster, and Huang et al. (2008) demonstrated that miR-373 and miR-520 stimulated migration and invasion of cancer cells in vitro and in vivo. Related reports on the function of miR-372/373 members are also noteworthy. It was reported that E-cadherin and CSDC2 contain potential target sites highly complementary to miR-373 within their promoters. Transfection of miR-373 readily induced the expression of the two genes, and induction was specifically dependent on the presence of both miR-373 and the proposed target promoter sites (Place et al., 2008) .
Conclusion
Recently reported lines of evidence, some of which have been described thus far, all point to that miRNAs belonging to the three clusters, miR-302, miR-209, and miR-371, represent major regulators of pluripotent stem cells. They most likely participate in controlling all key aspects of 'stemness' including pluripotency, proliferation, and differentiation (Fig. 1) . The latest series of reports indicate that ESC-specific miRNAs are regulated by ESC-specific transcription factors and that these miRNAs in turn control ESC-specific transcription factors. This fact alone should be sufficient to conclude that ESC-specific miRNAs are an integral part of the regulatory network of ESCs. More importantly, functional analyses based on the expression and inhibition of miRNAs in ESCs have begun to be reported, and preliminary data are consistent with that miRNAs is one of the determinants of the 'stemness'. As miRNAs are established as key regulators of numerous cellular events, ways of utilizing them as molecular tools are also being envisioned. This certainly also applies to ESCs: if miRNAs are regulators of 'stemness', we should be able to use them to control proliferation and differentiation of ESCs. Another use for miRNAs may be in reprogramming primary somatic cells into ESC-like cells with self-renewal and pluripotency. It is possible that miRNAs, organized in a single polycistronic transcript, may be a more convenient or efficient tool than a series of transcription factors. Furthermore, direct delivery of RNA into somatic cells would represent a safer alternative than transduction of retroviral vectors. It goes without saying that through the target analysis of miRNAs, we should also be able to gain insight into the gene regulatory networks and signaling pathways involved in particular characteristics or behaviors of ESCs, which is the fundamental prerequisite for applying ESCs for the regenerative therapy. 
